Mycobacterium avium is a ubiquitous, saprophytic mycobacterium commonly found in soil and water (13, 20, 27) . Prior to the AIDS epidemic, M. avium was rarely identified as a pathogen in humans. However, during the early years of the AIDS epidemic, M. avium became one of the most significant opportunistic pathogens of severely immunocompromised human immunodeficiency virus (HIV)-infected individuals (those whose CD4 ϩ T-cell counts were Յ100/ml of blood; 11, 26, 29) . Implementation of highly active antiretroviral therapy (HAART) in the treatment of HIV-infected individuals has significantly improved the degree of immunocompetency of AIDS patients and has resulted in a concomitant decrease in the incidence of opportunistic infections in these individuals (1, 30, 38) . However, newly diagnosed AIDS patients, those for whom HAART has been ineffective, and those who are unable to afford HAART remain at risk for opportunistic infections. Thus, we must not become complacent in thinking that M. avium is no longer a significant pathogen. Moreover, increasing numbers of non-HIV-infected individuals are being diagnosed with M. avium infections of the lung (14, 28) .
Like other pathogenic mycobacteria (e.g., Mycobacterium tuberculosis and Mycobacterium leprae), M. avium is phagocytosed by macrophages following entry into the human body (5, 41, 42, 44) . Uptake of pathogenic mycobacteria occurs via the complement receptors CR3b and CR1 (41, 42) , the mannosylfucosyl receptor (5), the fibronectin receptor (5) , and/or the ␣ v ␤ 3 integrin receptor (40, 44) . The phagosomal compartments of nonactivated macrophages containing M. avium do not mature to phagolysosomes but retain the cellular markers associated with early endosomes (10, 16, 18, 21, 22, 43) . Thus, M. avium, like M. tuberculosis, is not destroyed by nonactivated macrophages but is able to survive and multiply within the phagosomes of these cells. The mechanism(s) whereby pathogenic mycobacteria are able to preclude phagosomal maturation is not well understood, but the ability to survive and multiply within macrophages is a key component of mycobacterial pathogenesis. Several years ago, we reasoned that identification of genes that are up-regulated for expression or that are uniquely expressed by mycobacteria when they are growing in macrophages compared to when they are growing in broth would enable us to gain insight into gene products that are important for mycobacterial survival and growth within macrophages. To identify such genes, we initially developed a cDNA subtractive hybridization technique and were successful in identifying a gene (mig) that appeared to be uniquely expressed by M. avium during growth in macrophages (39) . More recently, we have developed an improved technique, called selective capture of transcribed sequences (SCOTS), which has enabled us to iden-tify a number of genes that are up-regulated for expression or are only expressed by M. tuberculosis during growth in human macrophages (23) . Here we describe studies comparing the cDNA subtractive hybridization (i.e., removal of unwanted cDNA molecules) and SCOTS (i.e., selective capture of desired cDNA molecules) techniques and report the identification of a number of genes expressed by M. avium at different times after infection of human macrophages.
MATERIALS AND METHODS
Bacterial strains. M. avium strain 5-8, a serovar 4 strain originally isolated from an AIDS patient, was kindly provided by Anna Tsang (39) .
Escherichia coli K-12 DH5␣ (35) was used as the host strain for construction and maintenance of all cDNA libraries prepared in the plasmid vector pBluescript II SK ϩ (Stratagene, Inc., La Jolla, Calif.). E. coli LE 392 (35) was the host strain for all of the individual cosmid clones used in the experiments. Construction of the M. avium cosmid library was described by Plum and Clark-Curtiss (39) .
Media. M. avium was grown in Middlebrook 7H9 broth (Difco) supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC; obtained from Microbios [Phoenix, Ariz.] or Remel, Inc. [Lenexa, Kans.]) and 0.05% Tween 80 (Sigma, St. Louis, Mo.).
E. coli strains were grown in Lennox broth (32) , in Superbroth (33), or on Antibiotic Medium 2 agar (Difco). Superbroth consists of 32 g of Bacto-Tryptone (Difco), 20 g of yeast extract (Difco), and 5 g of NaCl per liter of water, with the pH adjusted to 7.0 by addition of 1 M NaOH (33) .
Human macrophages were cultured in RPMI 1640 medium (Gibco BRL, Gaithersburg, Md.) supplemented with 4 mM L-glutamic acid, 25 mM HEPES, and 1% modified Eagle's medium containing nonessential amino acids (supplemented RPMI 1640 medium). Autologous human serum was added to supplemented RPMI 1640 medium to a final concentration of 1 to 20% as indicated at different steps of the protocols described below and as previously described (23) .
Cultivation and infection of macrophages. Peripheral blood was collected from healthy, tuberculin skin test-negative volunteers, and mononuclear cells were isolated by passage through Ficoll gradients (Amersham Pharmacia Biotech, Piscataway, N.J.) in accordance with the manufacturer's instructions. Monocytes were cultivated in Teflon wells in supplemented RPMI 1640 medium plus 20% autologous serum and incubated at 37°C in 5% CO 2 for 5 days to allow adherence. The adherent monocytes were removed from the Teflon wells, suspended in supplemented RPMI 1640 medium plus 20% autologous serum, introduced into 25-cm 2 tissue culture flasks, and incubated at 37°C in 5% CO 2 for 7 days to allow further maturation of the macrophages, as described previously (23) . Mature, adherent macrophages were infected at a multiplicity of 0.5 to 1 bacterium per macrophage with a predominantly single-cell suspension of M. avium (10) that had been grown in Middlebrook 7H9 broth to mid-logarithmic phase. Infections were carried out by incubating macrophage monolayers (2 ϫ 10 6 cells per 25-cm 2 flask) and bacteria for 2 h at 37°C with 5% CO 2 in supplemented RPMI 1640 medium with 10% autologous serum (23) . After infection, the nonphagocytosed bacteria were removed by washing the monolayers with RPMI 1640 medium three times. Approximately 30% of the macrophages were infected, as determined by microscopic examination. The infected monolayers were maintained at 37°C with 5% CO 2 in supplemented RPMI 1640 medium plus 1% autologous serum. The medium was changed at 16 h postinfection as described previously (23) . The macrophage monolayers remained intact and adherent until approximately 96 h after infection. At that point, some of the macrophages began to detach from the surface of the flask and by 120 h after infection, approximately half of the macrophages had become detached. Infection experiments were not continued beyond 120 h. Of the intact, adherent macrophages, 40% were infected with M. avium. The number of bacilli per macrophage varied from 2 to 3 to more than 25. The infected monolayers were washed three times with RPMI 1640 medium just prior to harvesting to remove the nonadherent macrophages. Infected macrophages were harvested at 48, 110, or 120 h after infection.
The generation time of M. avium growing within macrophages, determined by CFU counting and microscopic enumeration of acid-fast bacilli (23) , was approximately 20 h.
Isolation of nucleic acids. Chromosomal DNA was isolated from broth-grown M. avium as described previously (9) , except that the bacilli were disrupted in a Mini-Bead Beater (Bio-Spec, Inc., Bartlesville, Okla.), in tubes containing 0.1-mm silica-zirconium beads. Carbohydrates associated with M. avium chromosomal DNA were removed by mixing the nucleic acid solution with cetyltrimethylammonium bromide, followed by organic extraction and ethanol precipitation (45) .
Total RNA from broth-grown bacteria or from M. avium-infected macrophages was isolated by mechanical disruption and organic extraction with hot guanidinium-thiocyanate-phenol-chloroform as described previously (8, 23) .
cDNA synthesis. Total RNA isolated from infected macrophages or from broth-grown M. avium was treated with DNase I (Ambion, Inc., Austin, Tex.) at 37°C for 30 min and converted to first-strand cDNA by random priming with Moloney murine leukemia virus reverse transcriptase (Superscript II; Gibco BRL) in accordance with the manufacturer's instructions. As described previously (23), primers with defined 5Ј sequences and random nonamers at the 3Ј ends were used for both first-and second-strand syntheses. Different terminal sequences were added to cDNA mixtures from broth-grown M. avium (PCR-K-9 primer: 5Ј-GACACTCTCGAGACATCA CCGG-3Ј), to cDNA mixtures from M. avium grown for 48 h in macrophages (Xba-PCR primer: 5Ј-TGCTCTAGA CGTCCTGATGGTT-3Ј), and to cDNA mixtures from M. avium grown for 110 h in macrophages (Sal-PCR primer: 5Ј-ATATGTCGACTGAATTCCGTAGG-3Ј).
cDNA mixtures were amplified by PCR with 25 cycles of amplification (95°C for 30 s, 57°C [for cDNA from broth-grown M. avium] or 49°C [for macrophagegrown M. avium] for 90 s, and 72°C for 50 s). A portion of each cDNA mixture was frozen at Ϫ70°C as the stock cDNA mixture for each growth condition.
cDNA subtractive hybridization. The procedure used for cDNA subtractive hybridization has been described in detail by Plum and Clark-Curtiss (39), except that rRNA was not removed from the total RNA preparation prior to conversion to cDNA and macrophages were grown differently. In these experiments, peripheral blood mononuclear cell (PBMC)-derived macrophages were infected as described above whereas Plum and Clark-Curtiss infected adherent macrophages 5 days after separation of monocytes from peripheral blood (39) . Five days after infection, the infected macrophages were removed from the tissue culture flasks and lysed and the M. avium bacilli were recovered as described previously (39) . Total bacterial RNA was isolated and converted to first-strand cDNA by random priming and addition of specific primers, as described above, with Superscript II reverse transcriptase and then to double-stranded cDNA (cDNA mixture 1 consisted of an unsubtracted cDNA mixture from macrophage-grown M. avium [ Table 1 ]). cDNA prepared from M. avium grown in Middlebrook 7H9 broth-OADC-0.05% Tween 80 was denatured and biotinylated as described previously (39) . The denatured, biotinylated cDNA mixture from broth-grown M. avium was mixed with cDNA from macrophage-grown M. avium at a 10:1 ratio, and three rounds of subtractive hybridization were carried out as described previously (39) . Thus, cDNA molecules corresponding to genes expressed by M. avium under both growth conditions hybridized to one another and were removed from the mixture by reaction of the hybrids with streptavidin-coated magnetic beads as described previously (39) . Samples of the nonhybridized cDNA mixtures (corresponding to genes that are up-regulated or are uniquely expressed by M. avium during growth in macrophages) obtained after each round of subtraction were radioactively labeled and used as probes in dot blot hybridization experiments with individual M. avium cosmid clones as described below.
SCOTS. The SCOTS procedure used is a slightly modified form of that described by Graham and Clark-Curtiss (23) . Chromosomal DNA from M. avium 5-8 was biotinylated as follows. Photoactivatable Biotin Acetate (PAB acetate; Clontech, Palo Alto, Calif.) was dissolved in sterile distilled water to a final concentration of 1 g/l. Twenty microliters of M. avium chromosomal DNA (at a concentration of 0.6 g/l in sterile distilled water) was added to a 0.6-ml thin-walled PCR tube, and an equal volume of PAB acetate was added. After the contents of the tube were mixed, the tube was left open and placed in crushed ice so that the tube was 2 to 3 cm below a 250-W incandescent light bulb. The mixture was photoactivated for 30 min while being kept on ice. A volume of fresh PAB acetate solution equal to the first volume of PAB acetate was added to the contents of the tube, and an additional 30-min photoactivation (with the tube kept in ice) was done to ensure biotinylation of the chromosomal DNA. The reaction mixture was then diluted fourfold with 10 mM Tris-1 mM EDTA (pH 9.0) buffer. The biotinylated DNA was removed from unincorporated PAB acetate by extraction with 2-butanol (three times), followed by ethanol precipitation of the DNA.
The biotinylated M. avium chromosomal DNA (12 g) was mixed with 100 g of pYA1403 plasmid DNA (M. avium rrnA DNA cloned into pBluescript II SK ϩ ). The mixture was sonicated for 10 s at an output setting of 4 with a W-380 Sonicator using a microprobe (Heat Systems-Ultrasonic, Inc., Farmingdale, N.Y.). After sonication, the mixture was precipitated and resuspended in 160 l of 10 mM N-(2-hydroxyethyl)piperazine-NЈ- (3- in this way, the mixture contains sufficient biotinylated chromosomal DNA and rrnA DNA for three rounds of SCOTS purification and three rounds of enrichment for specific cDNA sequences (as described below). For each round of SCOTS, an 8-l sample of the mixture (containing 0.6 g of M. avium chromosomal DNA and 5 g of rrnA DNA) was denatured by incubation at 98°C for 3 min under mineral oil. Two microliters of 1 M NaCl was added to the mixture, which was then incubated at 77°C for 30 min. This step allowed the plasmid rrnA DNA to hybridize to the rrnA sites on the M. avium chromosomal DNA, thereby rendering these sites unavailable for hybridization with ribosomal DNA present in the cDNA mixtures.
In separate reaction mixtures, total amplified cDNA from either infected macrophages or from broth-grown bacteria in 8 l of 10 mM EPPS-1 mM EDTA was boiled for 3 min, followed by the addition of 2 l of 1 M NaCl. The denatured cDNA mixture was added to the biotinylated chromosomal DNA-rrnA prehybridized mixture, and hybridization continued at 77°C for 20 to 24 h. One hundred twenty micrograms of streptavidin-coated magnetic beads (Dynal M280) was washed in accordance with the manufacturer's instructions. The bacterial cDNA-chromosomal DNA hybrids were removed from the hybridization mixture by binding to 120 g of streptavidin-coated magnetic beads in a solution of 1 ml of 1 M NaCl, 5 mM EPPS, and 0.5 mM EDTA. After the beads were washed three times with 20 mM NaCl-0.5% sodium dodecyl sulfate (SDS) (once at room temperature and twice at 65°C), the cDNA molecules were eluted from the chromosomal DNA bound to the beads with 100 l of 0.25 M NaOH-0.1 M NaCl. The mixture was neutralized by the addition of 20 l of 1 M Tris, pH 7.4. The cDNA molecules were precipitated with ethanol in the presence of 10 g of glycogen (Roche), which served as a carrier, and were then PCR amplified as described above.
For each growth condition, in the first round of SCOTS, 10 separate samples of the cDNA mixtures were captured by hybridization to biotinylated, rRNA gene (rDNA)-blocked chromosomal DNA in parallel reactions. This was done to enhance the likelihood of recovering cDNA molecules corresponding to the full complement of transcripts present at the time of RNA preparation for each growth condition. The 10 amplified cDNA preparations were then combined (for each growth condition), denatured, and again hybridized to fresh aliquots of rDNA-blocked, biotinylated chromosomal DNA. At least three rounds of SCOTS were done with cDNA mixtures from each growth condition. Table 1 provides a brief description of each of the SCOTS-derived cDNA mixtures.
Enrichment for cDNA molecules from macrophage-grown M. avium and preparation of cDNA libraries. To identify cDNA molecules that represent transcripts from genes that may be up-regulated for expression during growth of M. avium in macrophages, an additional step was included in the experiments (23) . Preparations of cDNA mixtures from M. avium grown in macrophages that had been obtained by three rounds of SCOTS were added to biotinylated chromosomal DNA that had been prehybridized with both rDNA and a cDNA preparation from broth-grown M. avium (also obtained by three rounds of SCOTS). Hybridization proceeded for 24 h at 77°C, and the hybridized molecules were recovered by binding to streptavidin-coated beads as described above. Following elution of the cDNA molecules from the bound chromosomal DNA, the cDNA molecules derived from macrophage-grown M. avium were recovered by PCR amplification with primers specific for the macrophage-grown M. avium cDNA preparations. After three rounds of this enrichment procedure, the cDNA molecules from M. avium grown for 48 h in macrophages were cloned into the XbaI site of pBluescript II SK ϩ and the cDNA molecules from M. avium grown for 110 h in macrophages were cloned into the SalI site of pBluescript II SK ϩ to generate cDNA libraries. Table 1 provides a brief description of the SCOTSderived and enriched cDNA mixtures.
Analysis of individual cDNA clones. Individual cDNA clones were randomly chosen from the libraries prepared from cDNA mixtures from M. avium grown for 48 h in macrophages, from M. avium grown for 110 h in macrophages, and from broth-grown M. avium. The cDNA clones were used in Southern hybridizations as described below. The inserts of some cDNA clones from each library were PCR amplified and sequenced by using ABI Prism Big Dye primer cycling sequencing kits in accordance with the manufacturer's (PE Applied Biosystems, Branchburg, N.J.) instructions.
Database searches and DNA and protein similarity comparisons were carried out by using the BLAST algorithm from the National Center for Biotechnology 32 P]dCTP (New England Nuclear Corp., Boston, Mass.) with Hexanucleotide Mix Labeling kits from Roche Molecular Biochemicals (Indianapolis, Ind.) in accordance with the manufacturer's instructions. Digoxigenin-labeled probe mixtures were prepared with PCR DIG Probe Synthesis kits (Roche Molecular Biochemicals) to incorporate digoxigenin-11-dUTP during PCR amplification of the probe mixture in accordance with the manufacturer's instructions.
Dot blot hybridization to individual cosmid clones. Three hundred sixty-eight individual cosmid clones from the pYA3060::M. avium library in E. coli LE392 (39) were each inoculated into 200 l of Superbroth-60 g of ampicillin/ml (final concentration) in 96-well microtiter plates. After overnight growth at 37°C, samples from each well were stamped onto sterile Nytran filters (8 by 11 cm; Schleicher & Schuell, Keene, N.H.) overlaid on petri dishes (150 by 50 mm) containing Antibiotic Medium 2 agar (Difco)-60 g of ampicillin/ml (final concentration) with a Sigma Array Replica Plater (8 by 6 cm; Sigma). The agar plates and filters were incubated for approximately 9 h (until discrete spots of bacterial growth were visible on all of the filters). The bacteria were disrupted, and the DNA was denatured and fixed to the filters by standard procedures (35) .
After the filters were processed and dried, they were prehybridized with 50 g of denatured salmon sperm DNA per ml in 1 M NaCl-1% SDS-10% dextran sulfate at 80°C for 1.5 h. Radioactively labeled cDNA probe mixtures were denatured and added to the hybridization bottles containing the filters and the hybridization buffer. Hybridization continued at 80°C for approximately 24 h. The filters were washed briefly with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at room temperature and then twice with 1ϫ SSC-0.1% SDS for 20 min each time; these washes were done at 80°C. A final brief rinse with 0.1ϫ SSC at room temperature completed the washing process. The filters were wrapped in clear plastic wrap and placed on a PhosphorImager (Molecular Dynamics, Houston, Tex.) screen overnight at room temperature. Successful hybridization was detected by PhosphorImager analysis (23) .
Southern hybridization experiments. Inserts of individual cDNA clones were amplified by PCR with primers specific for the terminal sequences and cloning sites (i.e., XbaI for 48-h cDNA, SalI for 110-h cDNA) of pBluescript II SK ϩ into which the cDNA molecules had been cloned. The amplified inserts were run on 1% agarose gels and then transferred to GeneScreen Plus filters (NEN Life Science Products, Boston, Mass.) in accordance with the manufacturer's instructions. When 32 P-labeled cDNA mixtures were used as probes, hybridizations were done with 50 g of denatured salmon sperm DNA per ml in 1 M NaCl-1% SDS-10% dextran sulfate at 80°C for 24 h.
When digoxigenin-labeled cDNA mixtures were used as probes, hybridizations were carried out in 5ϫ SSC-0.1% (wt/vol) N-lauroyl sarcosine-0.02% SDS-50% formamide-2% Blocking Reagent (Roche Molecular Biochemicals) at 45°C for 24 h. Filters were processed in accordance with the manufacturer's instructions for hybridizations with digoxigenin-labeled probes (Roche Molecular Biochemicals). Detection of successful hybridization was done by detecting chemiluminescence by exposure to X-ray film as recommended by the manufacturer (Roche Molecular Biochemicals).
RESULTS
Reduction of the amount of rRNA cDNA in cDNA mixtures. Figure 1 illustrates the importance of reducing the amount of cDNA corresponding to rRNA in cDNA mixtures. Cosmid DNA from 368 individual clones from the pYA3060::M. avium library (39) was blotted onto filters and hybridized with cDNA probe mixtures prepared from M. avium grown for 5 days (120 h) in human macrophages. For the hybridization in Fig. 1A , the probe was from the cDNA mixture before any subtractive hybridization had been done (cDNA mixture 1 [ Table 1 ]). The unsubtracted probe mixture hybridized strongly with three cosmids (120, 122, and 248), each of which possesses the rRNA operon (previously determined by hybridization of the cloned M. avium rRNA operon as a probe with this set of cosmid clones; data not shown). Hybridization signals between the unsubtracted cDNA probe mixture and all of the other cosmid DNA dots were uniform and low in intensity. Figure 1B depicts the same set of cosmid clones hybridized with a probe prepared from the cDNA mixture from macrophage-grown M. avium after three rounds of subtractive hybridization with the cDNA mixture from broth-grown M. avium (cDNA mixture 3 [ Table 1 ]). Strong hybridization signals were detected between the threefold-subtracted cDNA probe mixture and eight cosmids in addition to the cosmids with the rrnA operon, and moderately strong signals were detected between the cDNA probe mixture and five other cosmids.
We hypothesize that, in the unsubtracted cDNA mixture, in which cDNA corresponding to rRNA comprises more than Table 1 ]). In panel B, the probe was prepared from the macrophage-grown M. avium cDNA that had been subjected to three rounds of subtractive hybridization with a cDNA mixture prepared from M. avium grown to mid-log phase in Middlebrook 7H9 broth-OADC-0.05% Tween 80 to give cDNA mixture 3 (described in Table  1 90% of the mixture, the amount of isotope incorporated into cDNA molecules representing individual mRNAs is below or just at the level of detection. Subtractive hybridization between cDNA mixtures prepared from broth-grown and macrophagegrown M. avium allowed hybridization between the abundant rRNA cDNA molecules and removal of these hybrids from the cDNA mixture from macrophage-grown bacilli as a consequence of the binding of the biotinylated hybrids with streptavidin-coated magnetic beads. Each round of subtraction removed additional copies of the rRNA cDNA, thereby allowing a larger number of the cDNA molecules derived from mRNA to be labeled to levels at which hybridization signals could be detected.
Comparison of the cDNA subtractive hybridization technique and SCOTS plus enrichment. Figure 2 depicts a representative dot blot experiment involving hybridization between the same cosmid clones as in Fig. 1 and a cDNA probe mixture prepared by the SCOTS technique, followed by four rounds of enrichment for cDNA molecules representing genes that were expressed when M. avium had grown for 110 h in human macrophages (cDNA mixture 8, described in Table 1 ). Comparison of Fig. 2 to Fig. 1B indicates that the SCOTS-prepared, enriched cDNA probe hybridized to 12 of the 13 cosmids to which the subtractive hybridization-prepared cDNA probe hybridized, as well as the three cosmids possessing the rRNA operon. Moreover, the SCOTS-prepared, enriched cDNA probe hybridized to 35 additional cosmid clones (16 with strong intensity, 19 with intermediate intensity).
Preparation of cDNA libraries from cDNA mixtures obtained by SCOTS. cDNA mixtures have been prepared from M. avium grown in the following ways: (i) to mid-logarithmic phase in Middlebrook 7H9 broth-OADC-0.05% Tween 80, (ii) for 48 h in human macrophages, and (iii) for 110 h in human macrophages. Following three rounds of SCOTS, the cDNA molecules from broth-grown (mid-log phase) M. avium were cloned into pBluescript SK ϩ to construct a broth cDNA library.
The cDNA mixtures obtained by SCOTS from macrophagegrown M. avium were enriched for cDNA sequences corresponding to genes that were up-regulated for expression during growth in macrophages by competitive hybridization to M. avium genomic DNA in the presence of excess cDNA from broth-grown M. avium (cDNA mixture 4-1 [ Table 1 ]), as described in Materials and Methods and previously (23) . This led to the generation of cDNA mixtures 7 and 8 ( Table 1) . After three or four rounds of enrichment, the cDNA molecules from cDNA mixtures 7 and 8 were cloned into pBluescript II SK ϩ to construct cDNA libraries for these two growth conditions (48 and 110 h in macrophages).
A total of 225 individual cDNA clones from the library prepared from cDNA mixture 7 (Table 1) were analyzed. A total of 129 individual cDNA clones from cDNA mixture 8 were analyzed. Only 40 individual cDNA clones from the cDNA library prepared from broth-grown M. avium (cDNA mixture 4-1 [ Table 1 ]) were analyzed, since we were more interested in identifying genes that are expressed by M. avium during growth in macrophages than in identifying those expressed during growth in broth. Individual cDNA clones from the cDNA libraries were grown from stock cultures, plasmid DNA was isolated, and the cDNA inserts were analyzed by Southern hybridizations with cDNA probe mixtures prepared from broth-grown M. avium (cDNA mixture 4-1 [ Table 1 ]) were prepared from cDNA mixtures that had been obtained by three rounds of SCOTS but were not enriched for cDNA molecules corresponding to genes that were up-regulated for expression or were expressed by M. avium only during growth in macrophages. These hybridizations were conducted to assess whether individual cDNA clones corresponded to genes that were expressed by M. avium during growth in broth or in macrophages or under both conditions. Although the cDNA clones from macrophage-grown M. avium were from libraries prepared from SCOTS-derived, enriched cDNA mixtures, approximately 10% of the cDNA clones hybridized to the cDNA probe mixture prepared from broth-grown M. avium (data not shown). These results suggest that three rounds of enrichment by competitive hybridization between cDNA mixtures from broth-grown and macrophage-grown M. avium were not sufficient to eliminate all of the cDNA molecules that are expressed by M. avium during growth in both broth and in macrophages. However, an additional round of enrichment did not diminish the presence of constitutively expressed cDNA molecules (data not shown). We have not done a thorough analysis of these "constitutive" cDNA molecules, but several of those that have been sequenced correspond to genes encoding transposases. When the probe prepared from the SCOTS-derived cDNA mixture from M. avium grown for 48 h in macrophages (cDNA mixture 5-1 [ Table 1 ]) was hybridized to the 40 individual cDNA clones from the cDNA library prepared from brothgrown M. avium, 24 clones were recognized (data not shown). Since this probe was prepared from a cDNA mixture that had not been enriched for cDNA molecules from genes that are up-regulated during growth of M. avium in macrophages, these results may give a clearer indication of the percentage of genes expressed by M. avium under both growth conditions (broth and 48 h in human macrophages). The probe prepared from the SCOTS-derived cDNA mixture from M. avium grown for 110 h in macrophages (cDNA mixture 6-1 [ Table 1 ]) hybridized to only 2 of the 40 cDNA clones from broth-grown M. avium (data not shown). These results suggest that the cDNA mixture from mid-log-phase broth-grown M. avium might not have been the best mixture to use to enrich cDNA mixture 6-1 (Table 1) . A number of individual cDNA inserts from each of the cDNA libraries were sequenced and compared to sequences in various databases (see below).
Analysis of individual cDNA clones. Analysis of individual cDNA clones has enabled us to identify genes that are expressed at different times after infection of macrophages, throughout macrophage infection, only in broth-grown M. avium, and in both macrophage-grown and broth-grown bacteria. Representative examples are illustrated by the Southern hybridization experiments in Fig. 3 . The cDNA insert fragments from 20 clones were separated on agarose gels and transferred to nylon filters. The probe for the hybridization depicted in Fig. 3A was derived from the cDNA mixture prepared from M. avium grown for 48 h in macrophages (cDNA mixture 7 [ Table 1 ]). The probe for Fig. 3B was from cDNA prepared from M. avium grown for 110 h in macrophages (cDNA mixture 8 [ Table 1 ]), and the probe for Fig. 3C was cDNA prepared from broth-grown bacteria (cDNA mixture 4-1 [ Table 1 ]). The first four cDNA molecules (BP10, B-5, B25, and 48-131; listed in Table 2 [clone group E], with the prefix Av before the numbers indicated in Fig. 3 ) represent genes that are expressed by the bacteria under all of these growth conditions. Clones 48-7, 48-40, 48-109, and 48-116 (Table 2 , clone group A) represent genes that are expressed at a time during infection of macrophages by which M. avium should be adjusted to the macrophage phagosomal environment and be actively growing (i.e., 48 h after infection). The next four cDNA molecules (110-2, 110-27, 48-91, and 110-38; Table 2 , clone group B) represent genes that are expressed late in the macrophage infection model used in these experiments. Clones 48-48, 110-28, 110-75, and 48-18 ( Table 2 , clone group C) correspond to genes that are expressed throughout the macrophage infection experiments. Three of these genes are also expressed by M. avium during growth in Middlebrook 7H9 broth but appear to be up-regulated for expression during growth in macrophages. This supposition needs to be confirmed by a quantitative analytical method. The last four cDNA clones (B8 [ We have identified and sequenced a total of 54 cDNA molecules that represent 46 genes that are expressed by M. avium during growth in human macrophages and 7 cDNA molecules that represent genes that are expressed by M. avium during growth in Middlebrook 7H9 broth supplemented with OADC and 0.05% Tween 80. For eight of the genes expressed by intracellular M. avium, we have identified two identical cDNA molecules (apparently sibs). The cDNA clones, proteins to which their gene products are similar, and possible functions of the gene products are summarized in Table 2 . In addition, eight genes have been identified that are expressed under all of the growth conditions studied. Four of these genes were identified from cDNA clones ( Table 2 , clone group E). The genes atpB, clpC, lsr2, and sigA (which were hypothesized to be constitutively expressed) were PCR amplified from M. avium chromosomal DNA to serve as controls in hybridization experiments, although hybridizations with sigA are not shown.
Reproducibility of recovery of cDNA molecules by SCOTS. a Clone groups: A, genes differentially expressed by M. avium grown for 48 h in human macrophages; B, genes differentially expressed by M. avium grown for 110 h in human macrophages; C, genes expressed by M. avium at both 48 and 110 h after infection of human macrophages; D, clones detected only in broth-grown M. avium cDNA; E, constitutively expressed M. avium cDNA clones.
b Proteins were identified if identity scores were Ն40% and positivity scores were Ն50% between deduced amino acid sequences derived from the cDNA inserts and the indicated proteins.
c A much lower hybridization signal was detected with the broth-cDNA probe.
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To assess the ability to recover the same cDNA molecules in cDNA mixtures obtained by the SCOTS technique at different times from a single frozen stock of cDNA (reproducibility of recovery of cDNA molecules), Southern hybridization experiments were performed with (i) a subset of 12 individual cDNA clones that were selected from a cDNA library prepared from M. avium that had been grown for 48 h in macrophages and (ii) probes made from several different cDNA mixtures (Fig. 4) . The probes were from cDNA mixtures prepared from M. avium grown for 48 h in macrophages (cDNA mixtures 5-1, 5-2, and 5-3 [ Table 1 ]), M. avium grown for 110 h in macrophages (cDNA mixtures 6-1, 6-2, and 6-3 [ Table 1 ]), and broth-grown M. avium (cDNA mixtures 4-1, 4-2, and 4-3 [ Table 1 ]). Samples of cDNA from each of these growth conditions were removed from the original frozen stock cDNA preparations at three different times and were obtained by three rounds of SCOTS each time. For example, samples from the cDNA mixture prepared from M. avium grown for 48 h in macrophages were removed from the frozen stock cDNA preparation at the time the original preparation was made (cDNA mixture 5-1 [ Table  1 ]) and 6 (cDNA mixture 5-2 [ Table 1 ]) and 11 (cDNA mixture 5-3 [ Table 1 ]) months later. Similarly, separate cDNA mixtures were prepared by SCOTS at three different times from the original frozen stock cDNA preparations from M. avium grown for 110 h in macrophages and from broth-grown M. avium. Samples of each of these cDNA mixtures were labeled (cDNA probe mixtures) and hybridized to 12 individual cDNA clones and to 4 control DNA sequences (sequences from the atpB, clpC, and lsr2 genes and a cDNA insert to which all of the probe mixtures hybridized [c25, which is designated AvB-25; Table 2 , clone group E]). The results of these hybridization experiments are illustrated in Fig. 4 . It is evident that the probes prepared from cDNA mixtures from M. avium grown for 48 h in macrophages and obtained by SCOTS on three separate occasions (0, 6, and 11 months after the original cDNA mixture was prepared) all hybridized to each of the individual cDNA clones, as well as to two (probe from cDNA mixture 5-2 [ Fig. 4D] ) or all four (probe from cDNA mixtures 5-1 [ Fig. 4A ] and 5-3 [ Fig. 4G]) of the control sequences. The probes derived from cDNA mixtures from M. avium grown for 110 h in macrophages and prepared by SCOTS on three separate occasions hybridized to three of the four control sequences. Two of these probes also hybridized to one of the individual cDNA clone inserts (clone 48), and the other probe hybridized to a different individual cDNA clone insert. The probes derived from cDNA mixtures from broth-grown M. avium and obtained by SCOTS on three separate occasions each hybridized to all four of the control sequences but did not hybridize to any of the individual cDNA inserts that had been isolated from a cDNA mixture prepared from M. avium grown for 48 h in macrophages. These data demonstrate that more than 87% (14 of 16 to 16 of 16) of the same cDNA molecules were recovered on three separate occasions from a "stock" cDNA preparation by the SCOTS technique.
DISCUSSION
We hypothesize that survival and growth of pathogenic mycobacteria within the phagosomal environment necessitate expression of bacterial genes that are unlikely to be expressed when the bacteria are growing in broth culture in the laboratory. That pathogenic mycobacteria inhibit maturation of phagosomes to phagolysosomes has been well documented (2, 10, 16, 18, 22, 43) . However, the mechanism by which mycobacteria accomplish this is not known. The kinds of carbon and energy sources and other nutrients available to mycobacteria FIG. 4 . Southern hybridizations between individual M. avium cDNA clones and cDNA probes prepared from M. avium grown for 48 and 110 h in human macrophages and from M. avium grown in Middlebrook 7H9 broth-OADC-0.05% Tween 80. At the time the original stock cDNA mixtures were prepared (cDNA mixtures 4-1, 5-1, and 6-1 [described in Table 1 ]) and at 6 (cDNA mixtures 4-2, 5-2, and 6-2 [ Table 1 ]) and 11 (cDNA mixtures 4-3, 5-3, and 6-3 [ Table 1 ]) months later, samples were removed from each cDNA mixture and prepared by three rounds of SCOTS. Labeled probes were prepared from each SCOTS-derived mixture by incorporation of digoxigenin-11-dUTP with PCR DIG Probe Synthesis kits (Roche Molecular Biochemicals) and hybridized to 12 individual cDNA clones that had originally been identified from the cDNA mixture prepared from M. avium grown for 48 h in macrophages (cDNA mixture 5-1 [ Table 1 ]). DNA fragments from atpB, clpC902, lsr2, and c25, genes that were expected to be expressed under all of the growth conditions studied, were included in each hybridization assay as positive controls. Hybridization and wash conditions were as described in Materials and Methods.
growing in the phagosome are not known either. To gain insight into the metabolic activities of intraphagosomally growing mycobacteria, we initially developed a cDNA subtractive hybridization approach (39) . These studies led to the identification of an M. avium gene, designated mig, that was apparently expressed by M. avium only when the bacteria were growing in macrophages. Continued analysis by G. Plum and his colleagues has revealed that the mig gene encodes a 58-kDa protein that acts as an acyl coenzyme A (acyl-CoA) synthetase with medium-chain fatty acids and unsaturated long-chain fatty acids as substrates (37) . We did not recover cDNA molecules corresponding to mig (CoA) from either cDNA mixture prepared by SCOTS from macrophage-grown M. avium. Two possible explanations for this are (i) differences in donor macrophages and (ii) differences in cultivation of macrophages prior to infection. Different human donors provided macrophages for the studies of Plum and Clark-Curtiss (39) and the studies described here. Plum and Clark-Curtiss incubated PBMC-derived monocytes in RPMI 1640 tissue culture medium for 5 days prior to infection (39) , allowing adherence and maturation into macrophages. In the studies described above, the adherent macrophages were incubated for 7 days longer to permit further maturation prior to infection. Additional studies are necessary to resolve these disparate results. We have extended the gene expression studies by the cDNA subtractive hybridization approach and have identified four additional sequences. The DNA sequences of two of these have been determined, but neither corresponds to genes of known function in databases.
A drawback of the cDNA subtractive hybridization technique was that the macrophages were lysed and the mycobacteria were collected by centrifugation prior to isolation of RNA (39) . Since the average half-life of mycobacterial mRNA has not been determined but the half-lives of some bacterial mRNAs can be extremely short (31), we devised an alternative approach to overcome this problem, i.e., SCOTS. The SCOTS approach has been successfully used to identify some genes of M. tuberculosis that are expressed by this bacterium during growth in human macrophages (23) . In addition, SCOTS has been used to identify Salmonella enterica serovar Typhi genes expressed during growth of the bacteria in the human monocyte-like cell line THP-1 (17) . Here we describe studies that used the SCOTS method to identify genes that are expressed by M. avium at different times after infection of human macrophages.
Initially, we compared cDNA mixtures prepared by subtractive hybridization to those prepared by SCOTS plus enrichment for cDNA molecules representing genes up-regulated or uniquely expressed by M. avium during growth in macrophages. These comparisons were done by hybridization of the cDNA mixtures with a set of 368 individual cosmid clones from an M. avium genomic library. Theoretically, this number of clones should represent between three and four M. avium genome equivalents. These experiments indicated that the probe mixtures prepared by SCOTS and enriched for cDNA molecules representing genes differentially expressed during growth of M. avium in macrophages contained cDNA molecules that hybridized to 12 of the 13 cosmids to which the subtractive hybridization cDNA probe mixture hybridized. In addition, the SCOTS-prepared, enriched cDNA probe mixture prepared from M. avium grown for 110 h in macrophages (cDNA mixture 8 [ Table 1 ]) hybridized to 16 other cosmids with strong intensity and to 19 other cosmids with intermediate intensity. It is possible that the differences in cDNA molecules detected by subtractive hybridization and SCOTS are a consequence of the macrophages, which were obtained from two different donors. Further comparisons of the two methods would be necessary to determine whether or not this is the reason. However, we believe that the rapid lysis of infected macrophages and the positive selection for mycobacterial cDNA molecules during the SCOTS procedure result in more efficient recovery of cDNA molecules. We conclude that the SCOTS technique plus enrichment allows recovery of the majority of the cDNA molecules obtained by the cDNA subtractive hybridization method but that SCOTS is superior to cDNA subtractive hybridization in recovering a larger diversity of cDNA molecules.
Studies were also conducted to assess the reproducibility of the SCOTS technique to capture the same set of cDNA molecules. On three separate occasions, cDNA mixtures were prepared by the SCOTS technique from a frozen cDNA stock preparation prepared from M. avium grown for 48 h in human macrophages. Probes generated from each of these SCOTSpurified cDNA preparations hybridized to 87 to 100% of a subset of 16 individual cDNA clones, indicating the high level of reproducible recovery of cDNA molecules by the SCOTS approach.
The majority of our efforts thereafter were directed toward analysis of individual molecules from cDNA libraries prepared from M. avium grown for 48 h in human macrophages, M. avium grown for 110 h in macrophages, and M. avium grown in Middlebrook 7H9 broth supplemented with OADC and Tween 80. Fifty-four molecules representing 46 M. avium genes that are expressed by the bacteria during growth in macrophages have been sequenced. Some correspond to genes that appear to be expressed relatively early (48 h) after infection, whereas others represent genes that are apparently expressed late (110 h) after infection. Still other cDNA molecules have been identified that represent genes that are expressed by M. avium throughout the course of infection in our model system. In addition, cDNA molecules representing genes that are expected to be expressed by M. avium under all growth conditions have also been identified from the cDNA libraries prepared from SCOTS-derived cDNA mixtures. Finally, a small number of cDNAs representing genes that are expressed by M. avium during growth in Middlebrook 7H9 broth, but not during growth in macrophages, have been identified.
It should be noted that we have not identified all of the genes that are expressed by M. avium under any of the growth conditions described in these studies. Among the 54 randomly chosen cDNA molecules from the macrophage-grown cDNA libraries that have been sequenced thus far, only 8 duplicate cDNA molecules have been detected. It is difficult to predict how many M. avium genes will be up-regulated or uniquely expressed by the bacilli during growth in human macrophages because of the paucity of knowledge about mycobacterial physiology during intracellular growth.
Comparison of the cDNA sequences to sequences in the databases has permitted identification of cDNA molecules that (Table 2) . Thus, we have identified genes that encode enzymes involved in pyrimidine biosynthesis (carB), intermediary metabolism (udgA), the tricarboxylic acid cycle (icd and sucA), the glyoxalate shunt (icl), nitrogen metabolism (nirB and narK3), salvage of nucleosides and nucleotides (add), polyketide synthesis (pks10 and pks11), mycobactin biosynthesis (mbtE and mbtF), and regulatory proteins. In addition, cDNA molecules corresponding to genes of unknown function have also been identified. In the latter group are genes specifying members of the PPE family of proteins. This is a family with 68 members whose genes, together with those of the PE family, comprise approximately 10% of the coding capacity of the M. tuberculosis H37Rv genome (12) . Because these genes are so abundant in the M. tuberculosis genome and because of the highly conserved N-terminal amino acid sequences of the members of each of the families, it is presumed that the PE and PPE families are important M. tuberculosis proteins. It has been hypothesized that these proteins may be a source of antigenic variation among M. tuberculosis isolates (12) . Two other genes encoding proteins whose functions are unknown and for which cDNA molecules were identified from macrophage-grown M. avium were homologues of lprM and a gene of the mce4 operon of M. tuberculosis. These genes are parts of two of the four redundant mce operons found in the M. tuberculosis genome (12) . Genes in one of the mce operons have been previously associated with mycobacterial virulence (3, 12) , but the precise functions of the proteins specified by the genes in the mce operons remain to be elucidated. In previous experiments in which we used SCOTS to prepare cDNA mixtures from M. tuberculosis grown in macrophages (23), we also identified a cDNA molecule that corresponded to the mceD gene, which is located in the mce1 operon of M. tuberculosis. Do the results of these two studies indicate that expression of different mce operons is dependent upon the species of mycobacteria? Additional studies are necessary to delineate the regulation of expression of the four mce operons.
Analysis of SCOTS-derived cDNA clones has provided interesting insights into the metabolic activities of M. avium during growth within macrophages. For example, cDNA molecules corresponding to genes encoding enzymes of both the citric acid cycle (icd and sucA) and the glyoxalate bypass (icl) were identified. This finding implies that, like E. coli, M. avium utilizes the pathways simultaneously for energy production, amino acid biosynthesis, and replenishment of dicarboxylic acid intermediates (15) . Interestingly, identification of a cDNA molecule corresponding to sucA suggests that the complete citric acid cycle is operative and available for oxidative metabolism in macrophage-grown M. avium (4) . The enzyme encoded by sucA, ␣-ketoglutarate dehydrogenase, is unstable and has been difficult to detect in lysates of in vivo-grown mycobacteria; thus, as Barclay and Wheeler pointed out, it has been unclear whether or not M. tuberculosis and M. avium use the complete citric acid cycle during intracellular growth (4). We conclude from our results that they do.
Expression of a homologue of the M. tuberculosis isocitrate lyase gene (icl; Rv0467) was detected in M. avium at both times during growth in macrophages. This result is in agreement with our earlier studies with human macrophage-grown M. tuberculosis (23) and the results of Sturgill-Koszycki et al. (43) and Höner zu Bentrup et al. (25) , who demonstrated the presence of this enzyme by two-dimensional gel analysis of proteins produced by M. avium after culture in murine macrophages. Isocitrate lyase is the first enzyme of the glyoxalate bypass. More recent studies have demonstrated the importance of isocitrate lyase for persistence of M. tuberculosis in murine macrophages and in the infected-mouse model (36) .
Throughout growth in macrophages, M. avium expressed genes coding for enzymes of biosynthetic pathways such as amino acid (branched-chain) biosynthesis and mycolic acid biosynthesis. These biosynthetic pathways are likely operative when M. avium was grown in Middlebrook 7H9 broth, since this medium is essentially a minimal medium. We hypothesize that, in the macrophage environment, the genes for these pathways are up-regulated for expression. Additional quantitative determinations of specific mRNA levels from the two growth conditions are necessary to test this hypothesis.
Detection of cDNA molecules for genes encoding enzymes involved in the biosynthesis of mycobactins (mbtE and mbtF) in macrophage-grown M. avium demonstrate the importance of this pathway. Mycobactins are siderophores produced by mycobacteria for obtaining iron, a nutrient that is essential for all organisms but is not readily available to intracellular organisms. De Voss et al. have recently presented evidence demonstrating that the ability to produce mycobactins is essential for M. tuberculosis growth in macrophages (19) .
In addition to cDNA molecules corresponding to genes whose products are homologous to proteins of other bacteria, numerous cDNA molecules of macrophage-grown M. avium were identified that did not exhibit similarity to any genes or gene products in current databases. It is not surprising that novel genes are expressed by M. avium growing within macrophages, and the products of some of these genes may well be crucial determinants of M. avium virulence. Characterizing these genes and their products and deciphering their roles in intracellular growth should enable us to gain a better understanding of M. avium pathogenesis. Such studies are in progress.
In recent years, investigators have applied molecular genetic approaches to gain a better understanding of the mechanisms of pathogenicity of a number of bacterial pathogens. The underlying rationale has been that bacteria must express specific genes in response to environments encountered in an infected host; the products of such genes would be unnecessary for the organism in in vitro culture (6, 7, 24, 34) . Two approaches by which to identify in vivo-expressed bacterial genes that have been developed and successfully employed are in vivo expression technology (6, 34) and signature-tagged mutagenesis (24) . Both of these approaches have contributed valuable information relative to the pathogenesis of a number of bacteria (recently reviewed by Chiang et al. [7] ). However, drawbacks of these approaches include the necessity of a good animal model for a particular disease and the necessity of well-developed genetic tools with which to manipulate the pathogen. The SCOTS approach, on the other hand, is amenable to any organism (at least any organism in which there is a direct correlation between transcription and translation) since it necessitates only the ability to isolate total RNA and DNA. Another more recently developed method, DNA microarray analysis (46) , affords the possibility of identifying a larger number of expressed genes and has the advantage of identifying genes that are down-regulated or repressed in a given environment. However, DNA microarray analysis is an expensive technology and requires relatively large amounts of RNA, thus precluding studies of bacterial gene expression in scarce types of tissues or cells (e.g., PBMC-derived macrophages, alveolar macrophages, or biopsy materials from humans). Thus, the SCOTS approach is an economical, direct approach by which to identify genes expressed by a given organism in response to specific environmental conditions that is widely applicable to virtually any prokaryote and other organisms as well.
